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Summary
Objective: To determine the relationship between the dimensions of the distal femoral intercondylar notch (ICN) and the composition and me-
tabolism of the anterior cruciate ligament (ACL) in three dog breeds with different relevant risks to ligament rupture and subsequent osteoar-
thritis (OA).
Design: ICN measurements were obtained from the femurs of Golden Retrievers (high risk), Labrador Retrievers (high risk) and Greyhounds
(low risk). Femoral condyle width and height, ICN height and width indices, and notch shape index were measured using Vernier callipers in all
dogs. Intact ACLs were obtained from the same dog breeds for a study of the impinged areas and were analysed for collagen content, col-
lagen cross-links, and sulphated glycosaminoglycan (GAG) content, matrix metalloproteinase (MMP)-2 and the tissue inhibitors of metallopro-
teinases (TIMPs)-1 and -2.
Results: Femoral condyle width and height and ICN width indices were signiﬁcantly greater in the low risk compared to the high risk breeds
(P! 0.01 for all parameters). In contrast, the pro (PZ 0.003) and active (PZ 0.007) forms of MMP-2 and sulphated GAGs (PZ 0.0002) were
signiﬁcantly greater in the impinged areas of the ACLs of the rupture predisposed breeds.
Conclusions: Impingement by the ICN on the ACLs of the high risk breeds may result in increased collagen remodelling and increased sulph-
ated GAG deposition, causing reduced structural integrity of the ligament. Altered ACL composition may predispose the ligament to increased
laxity leading to joint degeneration and OA. This may have a comparative implication for pathogenesis of ACL rupture in humans.
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The distal femoral intercondylar notch (ICN) is normally
ﬁlled by the anterior cruciate ligament (ACL), posterior cru-
ciate ligament and fat1. Stenotic or narrowed ICNs have
been implicated as a risk factor in human ACL injuries2,3.
A narrow ICN is due to increased osteophyte formation
and is associated with both ACL rupture and osteoarthritis
(OA) in dogs4,5. The ACL passing through a narrow ICN
could impede the normal function of the ACL by impinge-
ment, and result in damage and joint laxity6. Knee laxity
may itself contribute to ICN narrowing resulting in further
ACL impingement and damage5. Young patients with con-
genital stenosis who sustained an ACL tear, by a non-con-
tact injury, were found to have small ICN width indices7. In
addition, young females incur injuries to the ACL more
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ICNs8.
Tendons and ligaments (T/L) that pass through or around
bony structures in the mammalian skeleton are subject to
compressive as well as normal tensile forces9 and this is re-
ﬂected in changes to their biochemical composition. For ex-
ample T/Ls have increased proteoglycan content and
become more ﬁbrocartilaginous in compressed regions
compared to tensile regions10. This can also be seen, histo-
logically, at insertion sites of T/Ls to bone or where the T/Ls
pass around a bone (e.g., ﬂexor digitorum profundus ten-
don)11. In several abnormal conformational circumstances
e.g., ‘‘impingement syndrome’’, ACL graft placement or
ICN narrowing, bony impingement on the T/L is also in-
creased. This may contribute to T/L damage, as seen in
the case of ACL graft placement where impingement by
the distal femoral ICN contributes to graft failure12. To
date, it is not known if alterations in biochemical properties
of the collagen ﬁbres in ligaments at impinged/compressed
sites in other species are adaptive or degenerative.
In dogs, a stenotic ICN causes impingement on the ACL,
from either the medial aspect of the lateral femoral condyle
or the intercondylar roof of the notch4. Other risk factors in-
volved in canine ACL degeneration include ageing, body-
weight and immobilization13,14. Certain dog breeds such3
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en Retriever are at high risk for non-contact ACL rupture
whereas other breeds such as the Greyhound are at low
risk for ligament failure15. Differences in the ICN width
and its inﬂuence on the biochemical composition of the
ACL, in other species, have not been investigated to date.
We report here a study performed in radiologically and ana-
tomically normal dogs from breeds with a widely differing rel-
ative risk for ACL rupture. Stenotic ICNs in normal
predisposed dogs may alter ACL composition thereby con-
tributing to a reduced mechanical strength and increased
likelihood of eventual rupture. Thus, by examining normal
knees of dog breeds with divergent predisposition to ACL
failure, we can investigate the intrinsic features of the ACL
and NWI (notch width index) that might predispose to non-
contact failure. Such a comparative approach may also
provide a valuable insight into etiological factors inﬂuencing
human non-contact ACL failure, a condition that invariably
leads to OA16.
Method
SAMPLE POPULATION
All dogs were euthanized for reasons other than muscu-
loskeletal disease following approved guidelines from the
Department of Clinical Veterinary Science regarding use
of animal material for research. All of the femurs and knee
joints examined were from anatomically and radiologically
normal knee joints, and were stored at 20(C until re-
quired. All age, bodyweight and gender data for the dogs
used in these studies are shown in Table I.
ICN study
Measurements of the ICN were obtained from the femurs
of cadaveric Golden Retrievers (nZ 23), Labradors
(nZ 26) and Greyhounds (nZ 60).
Impingement study
Ten Greyhound, ten Labrador Retriever and eight Golden
Retriever knee joints were opened and placed in full exten-
sion. The areas of Impingement of the ICN on each ACL
were marked with a permanent marker. The ACLs were re-
moved from the joint by incising their tibial and femoral at-
tachments and the marked impinged ligament section was
removed.
ICN HEIGHT AND WIDTH MEASUREMENTS
Multiple measurements of the ICN were made as detailed
by Fitch et al.17 using digital Vernier callipers. The anterior,
central and posterior notch widths (NW) and their indices
(NWI), and the total condylar measurements were obtained(Fig. 1). An estimation of the shape of the ICN was deter-
mined by the notch shape index (NSI), i.e., the central notch
width divided by the ICN height18.
BIOCHEMICAL ANALYSES IN ICN IMPINGEMENT STUDY
The impinged ligament sections (5e10 mg wet weight
ligament) were analysed for total collagen content (by
determination of hydroxyproline concentration), collagen
cross-link type and content, matrix metalloproteinase
(MMP) expression, activity and inhibition and sulphated
and total glycosaminoglycan (GAG) concentrations using
the standard methods previously described19e23.
STATISTICAL ANALYSIS
All results are expressed as mean and standard error of
mean (S.E.M.). Statistical tests were performed using
statistical analysis software (Instat version 3.0, GraphPad
Software, San Diego, USA). The dogs in this study, in both
groups, were not matched for age, bodyweight or gender
(Table I). However, multiple regression tests were performed
for each of these background variables to investigate any re-
lationships with age, bodyweight and gender. All of the ICN
and biochemical parameters within the three groups were
tested for normality and then compared using one way or
Fig. 1. Measurements of the canine ICN (adapted from Fitch
et al.17) (AZ anterior notch width, BZ central notch width;
CZ posterior notch width, DZ total condylar width, EZ ICN
height, FZ femoral condyle height. The anterior NWI is A/D, the
central NWI is B/D, and the posterior NWI is C/D, the NSI is B/E
and ICN height index is E/F).Table I
Age, gender and bodyweight data (meanG S.E.M.) for the Greyhounds, Golden Retrievers and Labrador Retrievers in the ICN and impingement
(IMP) study
Dog breed Labrador
Retriever (nZ 10)
Golden
Retriever (nZ 8)
Greyhound
(nZ 10)
Labrador
Retriever (nZ 26)
Golden
Retriever (nZ 23)
Greyhound
(nZ 60)
ICN or IMP study IMP IMP IMP ICN ICN ICN
Age (years) (meanG S.E.M.) 7.25G 1.1 7.1G 1.4 4.8G 0.5 7.0G 1.1 7.3G 0.9 4.4G 0.6
Weight (kg) (meanG S.E.M.) 31.3G 1.9 31.5G 2.0 30.2G 1.2 29.1G 2.0 33.1G 1.7 29.4G 1.2
Gender (M and F) M (nZ 5) M (nZ 7) M (nZ 5) M (nZ 11) M (nZ 21) M (nZ 34)
F (nZ 5) F (nZ 1) F (nZ 5) F (nZ 15) F (nZ 2) F (nZ 26)
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ICN dimensions and biochemical properties of impinged sections of ACLs (meanG S.E.M.) from Greyhounds, Labrador and Golden Retrievers
ICN and biochemical measurements Greyhounds Labrador Retriever Golden Retriever P value
Femoral condylar width (mm) 35.9 (G0.7) 32.9 (G0.7) 31.3 (G0.5) 0.0001
Femoral condylar height (mm) 35.5 (G0.7) 30.6 (G0.9) 30.8 (G0.8) 0.0001
Anterior NWI (mm/mm) 0.13 (G0.01) 0.11 (G0.01) 0.10 (G0.01) 0.0008
Central NWI (mm/mm) 0.18 (G0.01) 0.16 (G0.01) 0.17 (G0.01) 0.019
Posterior NWI (mm/mm) 0.24 (G0.01) 0.22 (G0.01) 0.21 (G0.01) 0.045
Pro-MMP-2 (% standard) 28.2 (G6.2) 62.0 (G6.6) 49.0 (G10.0) 0.0025
actMMP-2 (% standard) 3.3 (G2.2) 36.5 (G7.2) 29.6 (G5.1) 0.0007
TIMP-2 (% standard) 15.0 (G2.3) 16.8 (G4.3) 34.8 (G5.0) 0.45
Collagen content (%) 47.47 (G7.8) 43.56 (G5.0) 53.2 (G7.3) 0.70
OH-Pyr (M/M collagen) 1.5 (G0.5) 0.6 (G0.4) 0.5 (G0.3) 0.0009
Sulfated GAGs (% weight) 0.4 (G0.1) 1.2 (G0.1) 1.2 (G0.2) 0.0008two way analysis of variance test (KruskaleWallis test with
post-test (Dunn’s test) or TurkeyeKramer test, respectively)
according to the result of the data normality test. All P values
!0.05 were considered signiﬁcant.
Results
ICN HEIGHT AND WIDTH INDICES
Femoral condyle width and height
The condylar width and height [Fig. 1(D and F)] are signif-
icantly greater in the Greyhounds compared to the Golden
and Labrador Retrievers (P! 0.001 for both parameters).
(Table II)
Width indices
The greatest difference among breedswas apparent in the
anterior NWI [Fig. 2(a)], that of the Greyhounds being signif-
icantly larger than that of both the Labrador Retrievers
(P! 0.001) and Golden Retrievers (P! 0.01). Although
the difference in the central NWI was less pronounced, again
that of the Greyhound was signiﬁcantly different compared to
the other two breeds (P! 0.02) [Fig. 2(b)]. The posteriorNWI
[Fig. 2(c)] was signiﬁcantly different only among the Grey-
hounds compared with the Labrador Retrievers (P! 0.05).
Height indices
There was no signiﬁcant difference in the ICN height
index (ICN height/total condylar height) among the three
breeds (PZ 0.11).
NSI
No signiﬁcant difference was found among any of the
three breeds of dog (PZ 0.48).
BIOCHEMICAL ANALYSES FOR ICN IMPINGEMENT STUDY
MMP-2 quantitation
The expression of pro MMP-2 [Fig. 3(a)] was signiﬁcantly
greater in the high risk breeds compared with the low risk
breed (P! 0.003) (Table II). Similarly, the concentrations
of active MMP-2 (actMMP-2) were signiﬁcantly greater
(P! 0.001) in both high risk breeds compared to the Grey-
hound [Fig. 3(b)]. The proportion of actMMP-2 relative to the
pro MMP-2 was much higher in the high risk breeds, ap-
proximately 60% compared to 10%, in the low risk
Greyhounds.Tissue inhibitors of metalloproteinases-1
and -2 quantitation
Therewas no signiﬁcant difference in the tissue inhibitors of
metalloproteinases (TIMP)-2 concentrations among breeds
(PZ 0.45). TIMP-1 was not detected in these samples.
Fig. 2. ICN width indices (ICN width indices (anterior (a), central (b)
and posterior (c)) in Greyhound (nZ 60), Golden Retriever
(nZ 23) and Labrador Retriever (nZ 26) femurs). (** denotes the
stated statistical signiﬁcance to the other two groups).
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There were not any signiﬁcant differences in the total col-
lagen content of the ACLs among the three breeds of dog
(PZ 0.70).
Collagen cross-links
Pyridinoline: The level of the predominant mature cross-
link, hydroxylysyl-pyridinoline (OH-Pyr), in the Greyhound
ACLs was greater (P! 0.001) compared with that in the
Golden and Labrador Retrievers ACLs (Fig. 4).
Fig. 3. The levels of pro (a) and active (b) MMP-2 (% standard) in
the impinged parts of Greyhound (nZ 10), Golden Retriever
(nZ 8) and Labrador Retriever (nZ 10) ACLs. (** denotes the
stated statistical signiﬁcance to the other two groups).
Fig. 4. The levels of the mature pyridinoline collagen cross-link
(OH-Pyr) in the impinged parts of Greyhound (nZ 10), Golden
(nZ 8) and Labrador Retrievers (nZ 10) ACLs. (** denotes the
stated statistical signiﬁcance to the other two groups).Dihydroxylysinorleucine: This intermediate cross-link was
only demonstrated in Golden Retriever ACLs. Hydroxylysi-
norleucine: There were not any signiﬁcant differences found
among the three breeds for this intermediate cross-link
(PZ 0.15).
Sulphated GAGs: There were signiﬁcantly more sulph-
ated GAGs present in the rupture predisposed ACLs com-
pared to the Greyhound ACLs (P! 0.001) (Fig. 5).
Total GAGs: There were not any signiﬁcant differences
seen among the three dog breeds (PZ 0.56).
AGE, GENDER, BODYWEIGHT CORRELATIONS
Signiﬁcant relationships among age, gender, and body-
weight and the ICNwere only seen in the Labrador Retriever.
The central NWI had a negative correlation with weight
(PZ 0.004, rZ 0.5); as the bodyweight of the dog increased
the NWI became smaller. Age had no signiﬁcant relationship
with any of the ICN measurements or indices in the three
breeds. Age, gender and bodyweight did not correlate with
the levels of sulphated GAGs, total GAGs, collagen content
or collagen cross-link concentrations in these dogs.
Discussion
We have shown that the notch width index (NWI) of
the breed at low risk for ACL rupture (Greyhound) is much
larger than that of the high risk breeds (Golden and Labra-
dor Retrievers). This may allow free movement of the ACL
through the ICN (Fig. 2). In contrast, the NWI of the Golden
and Labrador Retrievers are signiﬁcantly narrower, resulting
in the ACL impinging on the bone/cartilage structure, and
under these conditions the ligament is subject to compres-
sive as well as tensile stress.
Compression of T/L over bony surfaces is known to result
in physiological adaptation to protect the tissue against the
compressive force separating the collagen ﬁbres. This is
achieved by increasing the GAG content, resulting in an in-
crease in water content and osmotic pressure creating a col-
lagen network under pressure and ability to resist
compression. These changes can lead to the formation of
a ‘‘ﬁbrocartilage’’ domain in the ligament or tendon by an
up-regulation of the large proteoglycans, aggrecan and ver-
sican and type II collagen10,24,25. This is consistent with our
ﬁnding of a signiﬁcantly higher GAG content in the impinged
Fig. 5. The levels of sulphated GAG (% total wet weight) in the im-
pinged parts of Greyhound (nZ 10), Golden (nZ 8) and Labrador
Retrievers (nZ 10) ACLs. (** denotes the stated statistical signiﬁ-
cance to the other two groups).
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hounds (Fig. 4).
This type of impingement of the ACL within the ICN has
also been implicated in ligament and tendon failure in hu-
mans possibly due to the avascularity of the ﬁbrocartilage
regions26e29. However, the rupture of the ligaments or ten-
dons does not always correspond to the ﬁbrocartilage re-
gion30. Indeed, the nature of the ﬁbrocartilage is highly
variable, depending on the extent of the compressive
forces, and its mechanical properties may therefore be cor-
respondingly variable. Further, the differing biochemical
composition between tensional and compressive regions
of the ligament and how this inﬂuences the mechanical
properties have not been investigated.
We have shown that the supporting collagenous structure
is being remodelled, in the high risk ACLs, as a result of
compression of the ligament, as evidenced by the higher
expression and activity of the degradative enzyme MMP-2
and the lower concentration of the mature pyridinoline
cross-link. Conversely, the Greyhound ACLs show little ev-
idence of collagen turnover with low levels of MMP-2 ex-
pression and activation and high concentrations of the
mature pyridinoline cross-link. The extracellular matrix
(ECM) composition in rabbit ACLs has been shown to alter
with abnormal joint biomechanics31. Similarly, increased
knee joint laxity has been associated with altered ECM
composition in ACLs from dogs with a differing predisposi-
tion to non-contact ACL rupture32. The replacement of ma-
ture collagen with newly synthesised collagen may lead to
a reduction in the mechanical properties (e.g., ultimate ten-
sile strength) of the ligament and ultimately to rupture. It
may therefore be the remodelling of the ligament rather
than the formation of the ﬁbrocartilage, as suggested by
other workers studying human cruciate ligaments, that
causes degeneration and rupture.
Interestingly, the weight of the Labrador Retrievers was
shown to be correlated with a decrease in the central
NWI, whilst age did not correlate with any of the ICN param-
eters. It is possible that the increased load on the Labrador
Retrievers knee joints alters the biomechanics of the joint
and this may contribute to the ICN remodelling and narrow-
ing. The bone around the ICN may be increasing due to
adaptive remodelling, thereby narrowing the notch, possibly
in response to the weakening of the ACL and reduced sta-
bility. Alternatively, the narrower notch width of the Labrador
and Golden Retrievers may be developmental. A narrowed
ICN may lead to ligament degeneration, the resultant insta-
bility may then be the cause of adaptive bone remodelling
and further narrowing of the notch.
We have suggested in this study that the narrowed ICNs
and resultant ACL impingement exert an inﬂuence on colla-
gen turnover and the composition between high and low
risk dog breeds to ACL disease. Alterations in ACL metab-
olism and composition secondary to the ICN narrowing may
have an important role in the pathogenesis of ACL degener-
ation and ultimate rupture in dogs, leading to joint degener-
ation and OA. These ﬁndings may also have implications on
our knowledge of the pathogenesis of this ACL injury in
human medicine.
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